T
he pandemic of HIV infection, the cause of AIDS, is clearly the defining medical and public health issue of our generation and ranks among the greatest infectious disease scourges in history 1 . Since the world first became aware of AIDS in the summer of 1981 (refs. 2,3) , the disease has spread in successive waves in various regions around the globe. By 2003, HIV had infected a cumulative total of more than 60 million people, over a third of whom subsequently died 4 . Unfortunately, the catastrophic potential of the AIDS pandemic has not yet been fully realized. HIV and AIDS continue to exact an enormous toll throughout the world, notably in sub-Saharan Africa, and their incidence is accelerating in some countries and regions, including China, India and parts of eastern Europe and central Asia 4 .
Commensurate with the magnitude of the HIV and AIDS problem has been the extraordinary scientific effort to delineate the etiology, molecular virology, natural history, epidemiology and pathogenesis of disease caused by HIV (reviewed in refs. [5] [6] [7] [8] . These areas have paved the way for the development of effective therapies and tools of prevention that have provided enormous benefits to individuals and communities in resource-rich countries and increasingly also in resource-poor countries.
As we look back on the 20 years since the identification in 1983 of HIV as the etiological agent of AIDS 9, 10 , it is appropriate to reflect on some of the many accomplishments in AIDS science, as well as the numerous challenges that remain. Thousands of investigators in diverse disciplines have contributed to an effort that has resulted in an extraordinary, but still incomplete, mosaic of understanding with regard to HIV and AIDS. The collective output of the HIV and AIDS research community has been prodigious: more than 125,000 papers related to HIV and AIDS are catalogued in the PubMed database of the National Library of Medicine.
Although it would be impossible to describe all of the important scientific contributions in HIV and AIDS research within the context of a brief commentary, I have attempted to highlight in broad strokes some of the main areas of accomplishment in the fight against HIV and AIDS without attempting to be all-inclusive. Other authors in this focus will discuss these and additional topics in greater detail.
A new disease
In the summer of 1981, clinicians in New York and California observed among young, previously healthy, homosexual men an unusual clustering of cases of rare diseases, notably Kaposi sarcoma and opportunistic infections such as Pneumocystis carinii pneumonia, as well as cases of unexplained, persistent lymphadenopathy 2, 3 . It soon became evident that these individuals had a common immunological deficit in cell-mediated immunity, resulting predominantly from a significant diminution of circulating CD4 + T cells 11, 12 . Early suggestions that AIDS resulted from behavior specific to gay men were largely dismissed when the syndrome was observed in distinctly different groups in the United States.
After several false leads, many investigators concluded that the clustering of AIDS cases and their occurrence in diverse risk groups could be explained only if AIDS were caused by an infectious microorganism transmitted by intimate contact, for example through sexual activity or blood 13 . As with many emerging infectious diseases, the initial and most powerful tool to illuminate the etiology of the disease was classic epidemiology. Initial observations regarding the immunopathogenesis of AIDS, together with a growing understanding of human and animal retroviruses, suggested that the disease might have a retroviral etiology 9, 10 . Two retroviruses, human T-lymphotrophic virus (HTLV)-I and HTLV-II, which had been recently recognized at that time, were the only viruses known to preferentially infect CD4 + T cells. The transmission pattern of HTLV was similar to that seen among individuals with AIDS; in addition, HTLV-I and related retroviruses were known to cause varying degrees of immune deficiency in humans and animals 14 . Thus, the search for a new retrovirus was undertaken in earnest.
In 1983, experimental data indicating an association between a retrovirus and AIDS were published by a research team in France led by Luc Montagnier 15 . In 1984, the French group and researchers at the US National Institutes of Health, led by Robert C. Gallo, published seminal papers that established, with virological and epidemiological evidence, that the virus now known as HIV was the cause of AIDS 9, 10 . The virus was also isolated independently by Jay Levy in California from both individuals affected with AIDS and asymptomatic individuals from groups at high risk for AIDS 16 .
As is very often the case in science, the identification of HIV drew heavily on many previous advances, in particular the discovery in the 1970s of the reverse transcriptase enzyme used in the replication cycle of retroviruses 17 and the cytokine interleukin-2, which is required for the robust growth of cul- tured T cells essential to the propagation of large quantities of HIV in the laboratory 18 .
Molecular virology and epidemiology
The identification of HIV led to intense activity in the field of molecular virology that continues to the present time. Three structural and six regulatory genes, which together encode at least 15 viral proteins, were identified and their relationship to the complex mechanisms of HIV replication soon unfolded 7 . These findings were crucial to an understanding of the replication cycle of HIV and its relationship to the pathogenic mechanisms of HIV disease. In addition, they provided an avenue to identify important targets for the development of effective antiretroviral drugs.
The study of the molecular virology of HIV also opened the door to the study of the molecular epidemiology of HIV 19 . The science of molecular epidemiology was essential in defining the evolving heterogeneity of HIV throughout the world, including the presence of circulating recombinant forms of the virus 20 and the origin of HIV in the human species. With regard to the latter, the zoonotic nature of HIV was established by the close phylogenetic relationship between HIV-2, first identified in West African individuals in 1986 (ref. 21) , and the simian immunodeficiency virus in sooty mangabeys. In 1999, it was shown that HIV-1 had probably originated from the Pan troglodytes troglodytes species of chimpanzees, in which the virus coevolved over centuries 22 . Because chimpanzees are killed for food in parts of subSaharan Africa, the species jump probably occurred by accident.
A blood test for HIV
The next critical advance after the identification of HIV was the development of a sensitive and specific test for antibodies to HIV that could be used for diagnosing individuals (with confirmation by immunoblot analysis) and for large-scale screening 23 . This fundamental scientific advance had immediate and profound implications for public health. With an ELISA to detect antibodies to HIV, the blood supplies in the United States and other developed countries were screened for HIV and rendered extremely safe by 1985 (ref. 24) , thereby preventing millions of potential transfusion-related infections. HIV antibody tests have subsequently been used in numerous epidemiological and natural history studies to clarify the global scope and evolution of the epidemic 25 . Only with the availability of this simple screening was the real and potential scope of the AIDS pandemic fully appreciated.
Before the ELISA for HIV, clinicians were generally seeing individuals who were in the late stages of disease and had a life expectancy measured in months 26 . The availability of the blood test allowed investigators to readily identify asymptomatic individuals infected with HIV, to describe more accurately the true clinical course of HIV disease, and to follow the natural history of the disease prospectively in individuals for whom a time of seroconversion could be determined.
HIV pathogenesis
The pathogenesis of HIV disease, from a virological and immunological standpoint, has been studied intensively and defined progressively over the past 20 years 6, 8 . The pathogenic mechanisms of HIV disease are extremely complex and multifactorial 27 ( Fig. 1) . Even before HIV was identified, it was recognized that an apparent paradox existed whereby the immune system was aberrantly activated at the same time that the individual was experiencing immune deficiency 5 . This was later shown to be due to a combination of the aberrant secretion of various cytokines, many of which could upregulate virus expression, and the intensive cell signaling induced by the viral envelope 28 . Depletion of CD4 + T cells was recognized as a hallmark of disease early on 11, 12 , even before the classic demonstration in 1984 that the CD4 molecule was the primary receptor for the virus on a subset of T cells and monocytes 29, 30 . In addition, much evidence suggested that other factors were necessary for HIV fusion and entry, but these putative 'coreceptors' remained elusive for several years 31 .
In the mid-1990s, a number of diverse areas of investigation elucidated the roles of the chemokine receptors CXCR4 and CCR5 in the efficient binding and entry of two different strains of HIV-1 called X4 and R5, respectively 6, 31 . Indeed, RANTES, MIP-1α and MIP-1β, the ligands for CCR5, were shown to potently inhibit the binding of virus to its target cell. This recognition that HIV could use different coreceptors also helped to explain the occurrence of syncytial (CXCR4-using) and nonsyncytial (CCR5-using) variants of HIV 6 . The importance of the CCR5 coreceptor in the pathogenesis of HIV infection was proven by the finding that cells from individuals homozygous for a deletion of 32 base pairs in the CCR5 gene could not be infected in vitro with R5 viruses and that such individuals, who comprise about 1% of white populations, are extremely resistant to HIV infection even when repetitively exposed to virus 32 .
Studies of lymphoid tissue in individuals infected with HIV revealed the disseminated nature of HIV infection and the fact that lymphoid tissue is indeed the chief target and reservoir of HIV infection 33, 34 . In addition, it became clear that HIV continually replicates An important advance in HIV research has been the development of highly sensitive techniques for the precise quantification of small amounts of nucleic acids 35 . The measurement of serum or plasma levels of HIV RNA is now an essential component of the monitoring of individuals with HIV infection and, together with CD4 + T cell counts, guides therapeutic decisions 36 . Assays such as RT-PCR and the bDNA technique for directly detecting HIV RNA have helped to clarify the direct relationship between amounts of virus and rates of disease progression, rates of viral turnover, the relationship between immune system activation and viral replication, and responsiveness to therapy 6 .
The ability to measure plasma viremia precisely led to the classic viral dynamics studies of Ho and Shaw in 1995, which characterized the enormous turnover of virus in HIV disease and the delicate balance between virus production and T cell dynamics 37, 38 . These studies led to a cascade of insights into HIV pathogenesis, among them an appreciation of the direct relationship between virus replication and disease progression and the association of a given viral set point in an untreated individual with the prognosis for disease progression 39 . The latter observation has been essential in the design of therapeutic strategies and has guided clinicians in decisions regarding the initiation and modification of therapeutic regimens 36 .
The finding of latent reservoirs of HIV, particularly in the resting subset of CD4 + T cells, has had a sobering effect on hopes of eradicating HIV in individuals whose viral load is rendered 'undetectable' by antiretroviral therapy 40 . Indeed, simple but defining studies have shown that even in individuals in whom plasma viremia is driven by antiretroviral therapy to levels of less than 50 copies of RNA per ml ('undetectable') for up to 3 years, the viral reservoir persists and the virus rebounds from this reservoir within weeks of discontinuing therapy 41 .
Studies of the immune response to HIV have been both productive and frustrating. Clearly, individuals in whom HIV infection has been established cannot eliminate the virus from their bodies 40, 41 . Despite this consistent observation, individuals infected with HIV also show several elements of HIV-specific immunity. Neutralizing antibodies, potent HIV-specific CD8 + cytotoxic T cell responses and HIV-specific CD4 + T cells are present in many individuals infected with HIV at various stages of disease 6 . Unfortunately, CD8 + cytotoxic T cells select for escape mutants, and the most effective neutralizing antibodies are directed at cryptic epitopes against which it is difficult to induce antibodies. Although CD4 + T cells capable of undergoing lymphocyte blast transformation to HIV antigens are more likely to be seen in individuals in the early stages of disease, the induction of such responses has minimal, if any, effect on disease progression 6 .
Thus, the initial hope that the identification of HIV-specific elements of the immune system in HIV-infected individuals would lead to better therapies and vaccines has been replaced by the realization that we have yet to identify a clear correlate of protective immunity against HIV infection 42 . Understanding the correlates of immune protection and their potential role in vaccine development remains one of the greatest challenges in HIV and AIDS research.
Therapy for HIV infection
Second to the identification of HIV as the causative agent for AIDS, the most impressive scientific advances have occurred in the development of effective antiretroviral drugs for treating individuals infected with HIV. The spectrum of drug discovery for HIV centers on an appreciation of vulnerable targets in the replication cycle of the virus (Fig. 2) . The first effective drug against HIV was the reverse transcriptase inhibitor azidovudine (zidovudine), or AZT 43 . It was identified by a screening process using large numbers of compounds that had been already produced for other purposes. AZT was originally developed as an anticancer drug but did not prove effective in that capacity. It was licensed instead as the first antiretroviral drug in 1987.
Subsequently, more sophisticated science in the form of targeted drug design has been the rule as drugs have been developed to target specific vulnerable points in the virus replication cycle, providing a cogent example of the importance of the basic research endeavors in viral biology and the translational approaches in drug development 44 . The prototype of this approach was the expression, purification and crystallization of the HIV protease enzyme to facilitate the tailored design of protease inhibitorsa class of antiretroviral drug that was first approved by the US Food and Drug Administration (FDA) in 1995 (ref. 45) .
The newest class of drug, fusion inhibitors, represents another example of successful targeted drug development led by basic science discovery 44 . These compounds block the fusion of the viral envelope to the cell membrane, and became available with the FDA approval of enfuvirtide (Fuzeon) in 2003 (ref. 46) . New and improved drugs in all three classes (reverse transcriptase inhibitors, protease inhibitors, and fusion and entry inhibitors) are being actively pursued along with drugs against alternative targets such as the viral integrase 44 . Currently, there are 20 FDA-approved drugs or combinations of drugs for HIV ( Table 1 ). The availability of these therapeutics and their use in combinations of three or more drugs have transformed the treatment of individuals infected with HIV such that morbidity and mortality owing to HIV disease have sharply declined in developed nations where such drugs are readily available 25 .
HIV vaccinology
The progression of HIV disease in the setting of vigorous anti-HIV responses remains a central paradox in the pathogenesis of HIV infection 6, 8 . Elements of both the humoral and cell-mediated immune responses against HIV have been implicated in the partial control of viral replication. Even after 20 years of HIV and AIDS science, however, our lack of understanding of the correlates of protective immunity in HIV infection continues to hamper the rational development of HIV vaccines 47 . With 14,000 individuals worldwide becoming infected with HIV every day 4 , a vaccine that prevents HIV infection or at least slows the progression of disease in individuals who become infected is badly needed.
Despite the lack of a clear understanding of the correlates of protective immunity in HIV infection and other formidable obstacles, significant progress toward an HIV vaccine has been made 47 . At the time of writing, numerous promising HIV vaccine candidates are in various stages of preclinical and clinical development. But it is still not clear at this point how successful, if at all, we will be in the development of a vaccine that truly protects against HIV infection. Candidate vaccines in nonhuman primate models generally have not been able to protect against infection, but they have shown protection (at least for a time) against disease progression in primates that become infected despite having been vaccinated 47 . The superinfection of already-infected individuals whose current virus had been under excellent immunological control is a troubling observation 48 . Clearly, the development of a safe and effective vaccine for HIV is one of the most formidable challenges for research in infectious diseases.
Conclusion
The scientific accomplishments in the field of HIV research over the past 20 years reflect an extraordinary odyssey of discovery. Indeed, these accomplishments represent a model of what can be accomplished when the world's scientific community is galvanized in a common goal of pitting its best minds and substantial resources against a historic public health challenge. This Nature Medicine special issue will take up in detail these and other crucial accomplishments in the scientific response to HIV and AIDS.
Unfortunately, the HIV pandemic still rages throughout the world, particularly in resource-poor countries such as those in subSaharan Africa, the Caribbean and parts of Asia. This fact should energize the scientific and public health communities to continue the quest for scientific discovery and, simultaneously, to ensure that the fruits of scientific discovery are adequately applied to those most in need.
